Background-Measurement of 6-thioguanine nucleotide concentrations may be useful for optimising treatment with azathioprine and 6-mercaptopurine. Methods-We conducted a study of 170 patients with inflammatory bowel disease treated with azathioprine or 6-mercaptopurine to determine the relationship between 6-thioguanine nucleotide concentrations and both disease activity, as measured by the inflammatory bowel disease questionnaire (active disease <170, remission >170) and leucopenia. Blood was submitted for whole blood 6-thioguanine nucleotide concentration and leucocyte count. Results-Mean (SD) inflammatory bowel disease questionnaire score was 176 (32). There was no correlation between inflammatory bowel disease questionnaire scores and 6-thioguanine nucleotide concentrations (r s =−0.09, p=0.24). Median 6-thioguanine nucleotide concentrations in 56 patients with active disease and 114 patients in remission were similar (139 v 131 pmol/8×10 8 red blood cells; p=0.26). There was no correlation between 6-thioguanine nucleotide concentrations and leucocyte counts. Conclusions-In patients with inflammatory bowel disease treated with azathioprine or 6-mercaptopurine, 6-thioguanine nucleotide concentrations did not correlate with disease activity, as measured by the inflammatory bowel disease questionnaire, or leucocyte count. These findings are discrepant with most previous studies, possibly due to selection of responding patients who tolerated the medications. A prospective, randomised, dose optimisation trial using 6-thioguanine nucleotide concentrations is warranted. (Gut 2001;49:665-670) 
Azathioprine (AZA) and 6-mercaptopurine (6-MP) have emerged as important therapies for both induction and maintenance of remission in patients with Crohn's disease (CD) and ulcerative colitis (UC). 1 2 Azathioprine is rapidly converted to 6-MP after absorption, and 6-MP is subsequently metabolised to compounds with immune modifier activity, the 6-thioguanine nucleotides (6-TGN), as well as 6-methylmercaptopurine (6-MMP) which is thought to be inactive. 3 One major catabolic enzyme of AZA and 6-MP is thiopurine methyltransferase (TPMT). The activity of TPMT appears to have a trimodal distribution in the general population with low activity (<5.0 U/ml red blood cells (RBCs)) occurring at a frequency of 0.3%; intermediate activity (5.0-13.7 U/ml RBCs) occurring at a frequency of 11.1%; and normal or high activity (13.8-25 .1 U/ml RBCs) occurring at a frequency of 88.6%. 4 Among patients with acute lymphoblastic leukaemia (ALL), low baseline levels of TPMT activity led to a shift in metabolism of 6-MP away from production of the inactive metabolite 6-MMP and towards production of the "active" metabolite 6-TGN. 5 The therapeutic mechanism of action of 6-TGN is unclear; it may modify the immune system by incorporation into DNA, resulting in breaks in strands of DNA. 3 The primary toxicity associated with AZA and 6-MP is leucopenia, possibly due to accumulation of 6-TGN in neutrophils. 6 In patients with ALL there is a positive correlation between RBC 6-TGN concentration and risk of leucopenia. 7 This association has been confirmed in some [8] [9] [10] but not all 11 studies of patients with UC and CD. Patients with ALL who have a RBC 6-TGN concentration that falls above the median value of 275 pmol/8×10 8 RBCs have a significantly greater rate of survival. 12 Similarly, some 8 9 but not all 11 studies of patients with UC or CD have demonstrated an association between higher RBC 6-TGN concentrations and improvement in disease activity. We present the results of the largest study to date in patients with inflammatory bowel disease (IBD) which examines the relationship between pretreatment TPMT activity, AZA and 6-MP dose, whole blood concentrations of AZA and 6-MP metabolites, and disease activity and toxicity (including risk of leucopenia).
Methods

PATIENT SELECTION
Potential patients were identified by cross referencing a Mayo Clinical Laboratory Abbreviations used in this paper: 6-TGN, 6-thioguanine nucleotides; AZA, azathioprine; 6-MP, 6-mercaptopurine; CD, Crohn's disease; UC, ulcerative colitis; 6-MMP, 6-methylmercaptopurine; TPMT, thiopurine methyltransferase; RBC, red blood cell; ALL, acute lymphoblastic leukaemia; IBD, inflammatory bowel disease; IBDQ, inflammatory bowel disease questionnaire; WBC, white blood cell; 5-ASA, 5-aminosalicylic acid. database of all patients who had RBC TPMT activity measured between 1992 and June 1998 with an institutional database of all patients with IBD evaluated at Mayo Clinic Rochester (identified by ICD9 code diagnoses for CD and UC) during that same time period. The medical records of these patients were reviewed for eligibility criteria. Eligible patients were outpatients of either sex, aged 18 years or older, with an established diagnosis of CD or UC, who underwent an evaluation at Mayo Clinic Rochester between 1992 and June 1998. In addition, eligible patients either started or continued on treatment with AZA or 6-MP at the time of their last Mayo Clinic visit (irrespective of the duration of therapy), were currently taking AZA or 6-MP at the time of study enrolment (see below), had a baseline RBC TPMT activity determination prior to starting treatment with AZA or 6-MP, agreed to comply with the study protocol, and gave written informed consent. An introductory letter explaining the study was sent, and patients who were currently taking AZA or 6-MP and who agreed to participate were sent additional study materials. The study was approved by the institutional review board of the Mayo Clinic.
STUDY DESIGN
Subjects were asked to complete a self administered survey to obtain the following information: sex; age; weight; all IBD medications (including doses and month and year when medications were started); and all past dose adjustments of AZA or 6-MP (and the reason for each AZA or 6-MP dose adjustment). Subjects also completed a self administered quality of life assessment (inflammatory bowel disease questionnaire (IBDQ)) consisting of four main categories (bowel function, emotional status, systemic symptoms, and social function). This questionnaire has been previously validated, and the total score ranges from 32 to 224, with higher scores indicating better quality of life. Patients in clinical remission have minimal scores of 170. 13 The patients' medical records were abstracted to obtain the following information: demographic data; type of IBD and date of diagnosis; pretreatment RBC TPMT enzyme activity; disease location; past surgical resections; start date and initial dose of AZA or 6-MP; dates of all subsequent dose adjustments of AZA or 6-MP, and reasons for dose adjustments; lowest recorded white blood cell (WBC) count for each dose of AZA or 6-MP; and other concurrent IBD medications. Subjects mailed in a sample of whole blood (overnight delivery) along with their completed survey. They were instructed to undergo phlebotomy one hour after their usual daily dose of AZA or 6-MP; if patients were receiving sulphasalazine, mesalamine, or olsalazine, it was recommended that they administer a dose one hour before blood withdrawal.
The following measurements were made on blood: complete blood count with leucocyte diVerential; RBC TPMT enzyme activity; whole blood 6-TGN and 6-MMP concentrations; and for selected patients receiving sulphasalazine, mesalamine, or olsalazine, measurement of plasma sulphasalazine, 5-aminosalicylic acid (5-ASA, mesalamine), and N-acetyl-5-ASA concentrations, as appropriate. RBC TPMT activity was determined by a radioimmunoassay method, as previously described (Mayo Medical Laboratories, Rochester, MN, USA).
14 Whole blood total 6-TGN was assayed by high pressure liquid chromatography using the Erdmann method with minor modifications. 15 Whole blood rather than washed RBCs was used, following a study that determined that total 6-TGN concentration is not significantly diVerent in whole blood compared with washed RBCs (unpublished data). Whole blood total 6-TGN concentration represents the total 6-TGN content, consisting of a composite of mono-, di-, and triphosphate nucleotides. Whole blood 6-TGN concentration is normalised to 8×10 8 RBCs. Plasma concentrations of sulphasalazine, 5-ASA, and N-acetyl-5-ASA were determined by methods previously described, with minor modifications. [16] [17] [18] STATISTICAL ANALYSIS Standard statistical methods were used to evaluate various univariate relationships. Correlations were assessed based on the Spearman rank correlation coeYcient and group diVerences were evaluated based on the two sample t test, Wilcoxon rank sum test, or the 2 test, as appropriate. All calculated p values were two sided and p values <0.05 were considered statistically significant.
Results
A total of 951 patients with IBD had TPMT activity measured between 1992 and June 1998. These patients' medical records were reviewed during the fall of 1998 for eligibility criteria. We identified 376 patients who had either started or continued AZA or 6-MP at the time of their last Mayo Clinic evaluation. These 376 patients were contacted by mail regarding the study, of whom 217 initially agreed to participate and 170 actually returned the questionnaires and submitted blood specimens; 575 patients were ineligible. Detailed records of the reasons for ineligibility were not kept but reasons included: patient not started on AZA or 6-MP; patient no longer taking AZA or 6-MP because of failure to respond; AZA or 6-MP discontinued after operation; patient discontinued AZA or 6-MP because of toxicity; and other miscellaneous reasons. /l (range 1.5-4.3). One patient required a dose change due to thrombocytopenia. Other side eVects requiring AZA or 6-MP dose adjustment included liver test abnormalities in eight patients (5%), nausea or vomiting in seven patients (4%), pancreatitis in one patient (1%), and rash in one patient (1%).
THIOPURINE METHYLTRANSFERASE ACTIVITY
TPMT activity measured at the time of the study after blood withdrawal (for 164/170 patients) was distributed as follows: 141 patients (83%) were in the homozygous high (normal) range (>13.7 U/ml), 23 patients (14%) were in the heterozygous intermediate range (5.1-13.7 U/ml), and no patient was in the homozygous low range (<5.1 U/ml). Mean pretreatment TPMT activity was higher than the current (study) TPMT activity (18.5 a greater mean whole blood 6-TGN concentration in patients receiving concurrent mesalamine (n=58), sulphasalazine (n=2), or olsalazine (n=1) compared with patients not receiving these medications (182 (110) v 153 (91) pmol/8×10 8 RBCs; p=0.10). There was no correlation between whole blood 6-TGN concentration and whole blood 6-MMP concentration (r s =0.04, NS).
RISK FACTORS FOR LEUCOPENIA
Among the 168 patients in whom a WBC value from the time of the study was available, the mean (SD) WBC count was 5.4 (1.8)×10
9 /l (range 2.4-12.6). Thirty four patients (20%) had a WBC count <4.0×10 9 /l and six patients (4%) had a WBC count <3.0×10 9 /l. Patients receiving mesalamine, sulphasalazine, or olsalazine concurrently had a significantly lower (but still normal) median WBC count compared with patients not taking these medications (4.5×10 9 /l v 5.4×10 9 /l; p=0.02). The following factors were not significantly associated with WBC or absolute neutrophil count at the time blood was obtained for the study: pretreatment or current TPMT activity; AZA or 6-MP dose (mg/kg); or whole blood 6-TGN concentration (p>0.05). Baseline RBC TPMT activity was not significantly associated with subsequent occurrence of leucopenia (WBC <4.0×10 (table 4) . Similarly, there was no correlation between disease activity and current (study) TPMT activity level (r s =−0.05, p=0.55). Mean (SD) current TPMT activity was 17.3 (3.6) U/ml among the 56 patients with active disease compared with 17.3 (3.9) U/ml among the 114 patients in clinical remission. Furthermore, 33% of patients with TPMT activity in the homozygous normal range had active disease compared with 39% of patients with TPMT activity in the heterozygous intermediate range. There was also no significant correlation between IBDQ score and RBC 6-MMP concentration, AZA or 6-MP dose (mg/kg/ day), or WBC or neutrophil count at the time blood was obtained for the study. 
Discussion
In patients with ALL receiving 6-MP chemotherapy, the active metabolite 6-TGN is considered to exert its therapeutic eVect through incorporation into DNA, with subsequent disruption of cell replication. Routine measurement of RBC 6-TGN concentration has been advocated as a means of assessing 6-MP drug eVect, and paediatric patients with ALL receiving 6-MP at a dose of 75 mg/m 2 are more likely to relapse if RBC 6-TGN concentration falls below the median value of 275 pmol/8×10 8 RBCs. 12 Likewise, this patient group is more likely to experience leucopenia if RBC 6-TGN concentrations are elevated. 7 Our study suggests that some caution should be used in extrapolating these findings to patients with IBD receiving immune modifier therapy with AZA or 6-MP. One recent study of paediatric patients with IBD treated with 6-MP reported that the median RBC 6-TGN concentration in patients with clinical response was 312 pmol/8×10 8 RBCs whereas the median RBC 6-TGN concentration in non-responders was 199 pmol/8×10 8 RBCs. 9 These authors suggested a target RBC 6-TGN concentration exceeding 230 pmol/8×10 8 RBCs to optimise induction and maintenance of remission. In contrast, in our study we found no correlation between whole blood 6-TGN concentrations and remission and no diVerence in median Active disease Remission whole blood 6-TGN concentrations in patients in clinical remission compared with those with active disease (131 v 139 pmol/8×10 8 RBCs). While the median whole blood 6-TGN concentration of 136 pmol/8×10 8 RBCs in our study was lower than the RBC 6-TGN concentrations reported in previous studies which used a diVerent assay (see below), 8 9 the majority of the patients in our study (67%) were in clinical remission, suggesting that the AZA and 6-MP doses used, and whole blood 6-TGN concentrations achieved, were suYcient to achieve the desired clinical eVect in most patients. In addition, there was no correlation between whole blood 6-TGN concentrations and total WBCs. Our data are similar to those of another recent study that assessed the eYcacy of an intravenous loading dose of AZA compared with standard oral dosing. 11 In this latter study, in which mean steady state RBC 6-TGN concentrations for the intravenous loading dose and oral AZA groups were 164 and 124 pmol/8×10
8 RBCs, respectively, there was no correlation between RBC 6-TGN concentrations and either clinical response or occurrence of leucopenia.
There are a variety of potential explanations for these discrepant results. Previous studies were smaller, ranging in size from 25 to 96 patients. 8 9 11 Two of the previous studies evaluated only paediatric patients 8 9 whereas another study 11 and our current study included only adults. In the current study, disease activity was measured by the IBDQ score whereas in previous studies disease activity was measured by the Harvey-Bradshaw index 8 9 and the CD activity index.
11
In the two studies that measured disease activity with the HarveyBradshaw index, diVerent definitions of remission were used (score <4 and score <5). 8 9 The correlations between IBDQ and both the Harvey Bradshaw index and CD activity index are only −0.55 and −0.67, respectively, 13 although all three have been well validated as measures of disease activity. In one of the previous studies, patients were studied for the first four months of AZA therapy. 11 In two other studies patients were treated with 6-MP for a minimum of four months (thus patients with early dose dependent toxicity from AZA or 6-MP were not included). In the current study, patients currently receiving AZA or 6-MP for any period of time were oVered enrolment but no patients treated for less than 3.5 months participated. The majority of patients in the current study and two of the previous studies 8 9 were in symptomatic remission on maintenance therapy with AZA or 6-MP, in comparison with patients in another previous study who were starting AZA for active disease.
Patients with low or intermediate TPMT activity were excluded from one previous study. 11 Physicians caring for patients in the current study may have elected to use lower initial doses of AZA or 6-MP in patients with intermediate or low normal TPMT activity (this is nearly impossible to determine after the fact because the decision may not be recorded in the medical record). Multiple sampling of patients in one of the studies may have led to an overestimate of the beneficial eVect of RBC 6-TGN monitoring. 9 These diVerences in study design, with diVering results, make it difficult to determine precisely the role of 6-TGN monitoring at the present time in patients with IBD treated with AZA or 6-MP. The negative outcome of our study suggests that additional research is needed before this strategy for optimising therapy for patients with IBD is adopted into routine clinical practice.
Studies of 6-TGN therapeutic drug monitoring in patients with IBD which reported an association between elevated 6-TGN concentrations and both eYcacy and leucopenia used an assay for RBC 6-TGN developed by Lennard and Maddocks. 19 We used a diVerent RBC 6-TGN assay developed by Erdmann and colleagues 15 and adapted it to whole blood, and thus our results are not directly comparable. However, we demonstrated a high degree of correlation in a blinded comparison of the two assays, with a conversion factor of approximately 1.6 to convert Erdmann assay results into Lennard assay results; this diVerence is apparently due to diVerences in hydrolysis times (unpublished data). Mean whole blood 6-TGN concentration of 163 pmol/8×10 8 RBCs observed in our study would thus be comparable with a mean RBC 6-TGN concentration of 261 pmol/8×10 8 RBCs using the Lennard assay.
In our study, patients with intermediate TPMT activity had a significantly greater mean RBC 6-TGN concentration compared with patients with normal TPMT activity (253 v 151 pmol/8×10 8 RBCs; p=0.002). However, although an inverse relationship between TPMT activity and RBC 6-TGN concentration was found, patients with intermediate TPMT activity did not exhibit an increased frequency of leucopenia. This lack of leucopenia is not surprising as no patient with AZA or 6-MP treatment duration less than 3.5 months participated (thus no patients with early leucopenia due to decreased TPMT activity participated). As discussed above, clinicians may have elected to use a lower dose of AZA or 6-MP in patients with known intermediate TPMT activity.
Benzoic acid derivatives such as 5-ASA, N-acetyl-5-ASA, sulphasalazine, olsalazine, and balsalazide cause in vitro inhibition of TPMT activity; IC 50 values for 5-ASA, sulphasalazine, olsalazine, and balsalazide are 1380, 104, 31, and 197 µM, respectively. 20 21 Coadministration of olsalazine and 6-MP in a patient with intermediate TPMT activity led to bone marrow suppression. 22 We found that patients receiving AZA or 6-MP and mesalamine, sulphasalazine, or olsalazine had a higher mean whole blood 6-TGN concentration and lower mean WBC count than patients receiving AZA or 6-MP alone. Mean plasma concentrations of 5-ASA, N-acetyl 5-ASA, sulphasalazine, and olsalazine observed in our study were somewhat below the IC 50 values for these compounds. Nevertheless, given the trend towards an increase in whole blood 6-TGN (pharmacokinetic eVect) that occurred in our study, and the significant decrease in mean WBC (pharmacodynamic eVect), it appears that the concentrations of 5-ASA and related compounds found in our study may be suYcient to inhibit TPMT activity in vivo. We have demonstrated elsewhere that addition of mesalamine, sulphasalazine, or balsalazide to stable therapy with AZA or 6-MP in patients with CD results in an increase in whole blood 6-TGN concentrations and a high frequency of leucopenia. 10 In the largest study to date, we were unable to confirm the usefulness of therapeutic drug monitoring with 6-TGN in patients with IBD treated with AZA or 6-MP. There are methodological diVerences between our study and previous ones that demonstrated that measuring 6-TGN was useful in this setting. We confirmed the findings of other reports demonstrating an inverse relationship between TPMT activity and whole blood 6-TGN, and the occurrence of a drug interaction between mesalamine, sulphasalazine, or olsalazine and AZA or 6-MP, leading to increased whole blood 6-TGN and a lower mean WBC. With the exception of a single drug interaction study, 10 all studies conducted to date are observational and do not prospectively test the hypothesis that dose adjustment of AZA or 6-MP to a target whole blood or RBC 6-TGN concentration will improve treatment outcomes in patients with IBD. Our study should serve as a cautionary note that adoption of 6-TGN monitoring into routine clinical practice may be premature at the present time. A randomised, double blind, controlled trial comparing AZA or 6-MP dose optimisation based on 6-TGN concentrations with standard therapy (standard initial dose adjusted only for toxicity) should be conducted. In addition, studies investigating the precise cellular and molecular mechanisms of action of AZA and 6-MP should be undertaken.
